INTRODUCTION
The vestibuloocular reflex (VOR), along with optokinetic responses and several neck reflexes, acts to reduce the movement of images on the retina (retinal slip) during turns of the head. If the action of the VOR is considered separately, it clearly is an open-loop reflex, requiring that the brain know in advance how much the eyes must be moved to compensate for the head rotation signaled by a given input from the semicircular canals, since the output of the reflex (eye movement) does not affect the input (semicircular canal stimulation). Because there is no reason to expect the relation between input and output (the gain and phase of the VOR) to be invariant at different stages of life, it is perhaps not surprising that the VOR has been shown to exhibit great functional plasticity (38) . These plastic changes appear to be provoked by changes in the relation of visual and vestibular stimuli.
This conclusion is based on many experiments in which the relationship between head movement and the retinal slip that it produces is altered. For example, if an animal is made to wear 2X telescopes over its eyes, the apparent movement of the visual world during a given head movement is increased, the same situation as would occur if the gain of the animal's VOR was too low. Exposure to this experimental situation produces an increase in VOR gain (as measured in the dark) both in humans (16) and monkeys (32, 33) .
Similarly, the gain of the VOR has been decreased by arranging the experimental situation so that the animal's VOR appears to have too high a gain either by having the animal wear 0.5X telescopes (32, 33) or by having the animal see the world through reversing prisms or mirrors (humans, Refs. 17, 18; cats, Refs. 20, 26, 3 1, 39; monkeys, Ref. 32) . In some of these latter experiments, the VOR not only changed in gain but became reversed in phase, showing that the plasticity extends to situations that would presumably never be encountered in nature.
Similar VOR gain and phase changes have also been produced by oscillating the animal and the visual surroundings with appropriate amplitude and phase relations to simulate the effect of either telescopes or reversing prisms (rabbit, Refs. 6, 7, 13, 23, 24; goldfish, Ref. 41; chicken, Ref. 19 ). In the case of the rabbit, however, the results are rather complicated, apparently being influenced by breed of rabbit, stimulus situation, and amount of visual field subjected to reversed visual motion (7, 23, 24) .
Although it is not well understood which error signals are used by the brain to determine the changes in VOR gain, there is evidence that primates may use substantially different error signals than rabbits or fish (34) , and that this may be related to the presence of smooth-pursuit eye movements in primates.
The hypothesis suggested above-that VOR plasticity has its functional significance in maintaining the efficacy of the VOR throughout life -has not been explicitly tested. This paper makes a step in this direction. Since chicks at hatching have had extensive vestibular experience but no vision, and hence presumably no way of adjusting their VOR, we examined what the VOR was like in these animals and asked whether the plasticity used to adjust the VOR later in life is present with the same characteristics in the newly hatched animal. This question is of particular interest in light of the dependence of the VOR plasticity on the integrity of the flocculus of the cerebellum (24, 39) and of its climbing fiber afferents (20), since the vestibulocerebellum of the chick develops late and may not be fully formed at hatching (40) .
To set this study in the context of the normal behavior of chickens, we would like to correct the prevalent misconception that birds hardly move their eyes, but adjust their gaze almost entirely by head movements. Our unpublished studies show that chickens make saccades every l-3 s, generally l-5" in amplitude, although much larger saccades occasionally occur. Ocular stabilization is accomplished with a combination of head and eye movements; under appropriate circumstances, such as low-velocity, unidirectional movement of the visual surround, chickens show low-frequency, large-amplitude head nystagmus, with superimposed higher frequency eye nystagmus. Thus during naturally occurring vestibular stimulation, the semicircular canal signals probably act both as inputs for the VOR and as error signals for the vestibulocollic reflex (9). In the studies reported here, however, the head was restrained so only the VOR was functional.
METHODS

Visual and vestibular stimulation
To modify the VOR two manipulations were used. In the first condition, the increased-gain situation, the relative movement between animal and surroundings was doubled, but the direction of the movement was the same as normal. This is equivalent to the animal's wearing 2X telescopes, and perfect compensation would require a VOR gain of 2 and a phase of 0. This situation was obtained by having the surroundings oscillate with the same amplitude and frequency as the animal, but with a 180' phase difference. In the other condition, the reversed-phase situation, the relative movement between animal and surroundings was opposite in direction but the same in magnitude as the normal situation. This is equivalent to the animal wearing reversing prisms and would be perfectly compensated for by a VOR gain of 1 and phase of 180". This situation was obtained by having the surroundings oscillate with twice the amplitude of the animal, but with the same phase. In both conditions, the animal was oscillating sinusoidally, with the head fixed, at 0.25 Hz and 7' peak-to-peak amplitude. These parameters were chosen to assure that the optokinetic, as well as the vestibular, system would be strongly responding.
Before and after these manipulations, animals WALLMAN, VELEZ, WEINSTEIN, AND GREEN were tested in three ways. I) To test the VOR, animals were oscillated sinusoidally about a vertical axis in darkness. 2) To test the optokinetic responses, a vertically striped cylinder surrounding the animal was oscillated sinusoidally; the animal was stationary. 3) To test the VOR and optokinetic responses combined, the animal was oscillated as in the VOR measurements except that the lights were on; the surrounding cylinder was stationary. In all three measurements the amplitude of oscillation was 7O peak-to-peak and the frequencies tested were 0.125, 0.25, 0.5, and 1.0 Hz. The peak velocities encountered therefore ranged from 2.7"/s at the lowest frequency to 22"/ s at the highest; the accelerations ranged from 2.2 to 1 38"/s2. Two opposite orders of presentation were employed to minimize biases because of sequence of testing; no sequence effect was observed.
All the testing and gain-modification training were done with the same apparatus. A circular bearing-mounted table was driven in an approximately sinusoidal fashion by a rod connected to an eccentric cam on a variable-speed motor. The animal container was mounted on a large bearing driven by the table by means of a connecting rod. The cylinder surrounding the animal was driven by a belt from the table. The frequency of the table was maintained within 1% by monitoring the period of the motor-shaft rotation.
Experimental subjects and procedures
The experiments were performed on 24 white leghorn chickens (Gallus gallus domesticus), hatched in the laboratory from eggs obtained from a commercial supplier. Animals of two ages were used, newly hatched and 4-6 wk old. At each age some animals were subjected to the increased-gain situation and others to the reversed-phase situation.
During the experiments, the animal was placed in a cylindrical Plexiglas container; extending up from this container was a thin, flat horizontal plate, which was placed in the beak, which was held shut by a rubber band. This beak bar assured that the head could not move with respect to the container and maintained the head in an attitude in which the horizontal semicircular canals were approximately in the plane of the imposed horizontal oscillations. For the newly hatched birds the beak bar was replaced by a small metal cone in which the beak was held. To assure that the newly hatched animals were visually naive, they were hatched in darkness and within 12 h had hemispherical translucent plastic occluders (43) secured to the skin and feathers around the eye with collodion. The surgery necessary for the measurements of eye movements was performed without removing the occluders, so that even when anesthetized the chicks had no visual experience.
The experimental protocol involved first obtaining a base-line series of measurements of VOR, optokinetic responses, and the two combined, then subjecting the animal to 2 h of forced oscillation in either the increased-gain or reversedphase situation, and finally repeating the original measurements. To minimize the influence of visual-vestibular interaction during testing on subsequent measurements, the VOR was measured first at all frequencies, followed by the optokinetic responses, and finally the combined stimulation.
Eye movement recording
To record eye movements we attached a search coil to the eye and placed the animal in an alternating magnetic field. Our technique differed from that of Robinson (37) only in our method of attaching the coil to the eye. We took advantage of the fact that chickens have extremely large eyes, which protrude considerably from the orbit, so that by making a small incision near the dorsal rim of the orbit we could gain access to the globe near its equator. We cleared a patch of sclera a few millimeters in area and then attached with Histoacryl surgical adhesive (Braun Melsungen; distributed by Trihawk International Traders, Montreal) a spindle-shaped piece of cellophane or 0.00 l-inch-thick Lexan to which a short length of 1 -mm-diameter glass micropipette tubing had been previously attached. The procedure was performed with the animal anesthetized with halothane; the wound margins were injected with Xylocaine and the globe was topically anesthetized with proparacaine. Before attaching the platform and post, a drop of tincture of iodine was applied to the cleared patch of sclera and washed off. The post was placed to be as vertical as possible without risking contact with the dorsal rim of the orbit during upward eye movements. To measure head position, a larger platform and post were glued to the skin and feathers on the top of the skull near the orbit.
When we were ready to record eye movements (after a recovery period of at least 2 h), we attached to each post a small vertical coil (6-mm diameter, 10 turns of AWG 43 magnet wire, made rigid by an epoxy coating) with a small bit of melted dental wax. The result is shown in Fig. 1 . The exposed patch of sclera was kept moist either by a drop of silicone oil or by repeated drops of physiological saline. To ensure that no adhesions developed between the eye and overlying tissues, which might restrict eye movements, we monitored at high gain on an oscilloscope the form of the saccades and quick phases. We have found that even slight adhesions cause an easily recognized change in the fine structure of these eye movements.
Since the coil is not in contact with the eye, this technique has the advantage that the coil cannot restrict the eye movements, the coil can be set to any angle and can be readily replaced, and the observer has a dramatic visual indication of all eye movements.
The electronics involved were conventional. The animal's head was centered in the field of two 24-inch-diameter coils, 24 inches apart, that were driven by a 25kHz signal from an oscillator and audio amplifier. The signals from the eye and head coils went to phase-sensitive detectors, then to an analog differentiator, and finally to a polygraph and a PDP-81 computer. The differentiated eye signal was clipped to reduce the amplitude of saccades. Since the field coils were fixed in space, the primary signals recorded were eye-in-space and head-in-space; the eye movements relative to the head were obtained by subtraction of the head signal from the eye signal; the difference was compared with the head signal to determine gain and phase of the VOR.
To calibrate both the gain and phase measurements, we short-circuited the eye coil to yield the eye-in-head signal that would be produced if the animal was perfectly compensating for the imposed oscillation; that is with a gain of 1 and a phase of 0' (see Fig. 2B ).
Measurement of gain and phase
The techniques used to measure the gain and phase of the responses were slightly unusual because we were confronted with two unusual sources of noise, which made the simplest measurement techniques difficult, particularly in the newly hatched chicks, in which the gains were very low. First, the saccades of chickens are prominent, frequent, and of long duration. Avian saccades are more intrusive on eye movement records than mammalian ones, since a 25 to 30-Hz oscillation is superimposed on the saccadic displacement of the eye. Second, the frequent vocalizations of the newly hatched chicks substantially vibrate the head and eye coils. The restraint of the head was also less complete in the newly hatched chicks because of the lack of rigidity of the skull and beak and the less firm method of head restraint. We did not reduce the resulting noise by low-pass filtering, since there was some tendency for the noise to be correlated with the imposed head movements. Under these conditions even signals well outside the passband of a filter can contribute to phase and amplitude errors.
To measure the gain we fitted by eye to the polygraph record of eye-in-head velocity the best sine wave at the frequency of the imposed oscillation. This was done by superimposing an oscilloscope face onto the polygraph record and having on the oscilloscope a sine wave of the appropriate frequency, the amplitude of which could be adjusted to best match the polygraph record, ignor- ing saccades and other noise. The gain was obtained by dividing the amplitude of this sine wave by the amplitude of the sine wave that best fit the velocity record of the imposed oscillation (i.e., head velocity in the case of VOR, cylinder velocity in the case of optokinetic responses). Figure 2A gives examples of the raw data.
To assess the accuracy of this gain-measuring procedure, we compared the results with gain measurements made by measuring with a spectrum analyzer (Nicolet Ubiquitous) the power at the frequency of the imposed oscillation. These two methods were independently applied to 12 lmin segments of VOR responses, covering the four frequencies used, recorded on an FM tape recorder. The mean gain difference between the two methods was 0.02; the standard deviation was 0.05.
To measure the phase of the eye movement relative to the imposed oscillation, we performed the cross-correlation between the eye velocity and the velocity of the imposed oscillation, using a PDP-81 computer on-line. The cross-correlation of two sine waves yields a cosine wave shifted in phase by the amount of the phase difference between the input signals. The mathematics involved and some cautionary notes are given in the APPENDIX.
This technique provides an impressive amount of noise reduction in this application; a VOR signal so small as to be indiscriminable from the noise, as viewed on the polygraph, yields a clear cosine wave after a few cycles. In practice we did two to four runs of cross-correlation until we obtained two runs with phases within 5-loo of each other (see Fig. 2C for examples).
We were concerned about the possibility that saccades might be a source of error in the phase measurements, perhaps as a result of some statistical tendency for saccades to occur asymmetri- To evaluate this, we measured the cross-correlogram of several l-Hz VOR records on tape, then filtered out all frequencies below 4 Hz (48 dB/ octave high-pass filter)-this removes the VOR signal but leaves the saccades virtually intactand remeasured the cross-correlogram. The results showed no consistent phase and were very low in amplitude, indicating that the saccades did not tend to bias the phase results in a particular direction. To assess whether these spurious saccaderelated signals might nonetheless distort individual measurements, we calculated the worst-case situation (spurious signal at 90" to VOR) for these records. The phase shift produced was only 0.33 O.
RESULTS
Normative data
The averaged vestibular, optokinetic, and combined responses of newly hatched and older birds are shown in Fig. 3 . The data for the older birds are generally consistent with that found in other species. The VOR and combined gains seem a little low, but this may reflect only the inadequacy of our efforts to maintain the subject's alertness. Perhaps chickens do not readily reach maximum alertness while being rocked gently in the dark, despite our importuning cries. The VOR gain increases slightly as a function of frequency, while the phase lead decreases. The phase lead at 1 Hz is somewhat higher than that found in cats (39) , rhesus monkeys (25, 42) , chinchillas (lo), or rabbits (1). This phase advance, which is also present in the primary afferent response (9), may well represent a displacement of the temporal characteristics of the VOR toward higher frequencies in birds, possibly as an adaptation In this and all subsequent figures, velocity gain and phase relative to perfect compensation are plotted for 7" peak to peak imposed sinusoidal en bloc oscillations, means were computed from logarithms of the individual gains, and error bars are standard errors of the mean. may compensate for the vestibulocollic reflex, which has a distinct phase lag, at least in pigeons (36).
As in other species, the optokinetic gain falls rapidly with increasing frequency. This probably reflects both that the optoki netic gain falls off at higher frequenci .es and that it falls off at higher velocities. Since we use a constant-amplitude stimulus of 7" peak to peak, the peak velocities range from 2.7"/s at 0.125 Hz to 22"/s at 1 Hz. However, studies of optokinetic nystagmus elicited by unidirectional stimulus motion (i.e., frequency = 0) indicate that the gain decrease shown here at the higher frequencies could only partially be accounted for by the stimulus velocities used (unpublished results); therefore, frequency effects must also be involved. As expected, the combined stimulus situation of oscillation in the light with stationary surroundings gave much flatter gain and phase characteristics with respect to frequency.
In the newly hatched birds the gains for all responses were low. The most striking result is the very low gain of the VOR, especially at low frequencies (usually less than 0.1). Although the VOR phase characteristic appears somewhat different from that of the older animals, the differences are not significant, as can be seen from the standard error bars.
VOR plasticity
Examples of the effect both of the increased-gain and reversed-phase training on both newly hatched and older birds are shown in Fig. 4 ; the averages of all the subjects are shown in Fig. 5 . Clearly both types of experience can alter the VOR in animals of both ages. Increasing the visual motion relative to the head movement causes an increase in gain; reversing the relative visual motion causes a decrease in gain, particularly in the older animals and, in some cases, a reversal in phase, particularly in the newly hatched animals. The average gain and phase curves show that the effect is most pronounced at the training frequency, 0.25 Hz; this will be discussed below. In the newly hatched animals, only the increased-gain condition seems to be significantly effective when the data are presented in this fashion.
It is perhaps noteworthy that in the newly hatched birds there is an association of decreased gain with increased phase lead at 0.25 and 0.5 Hz, and of increased gain with decreased phase lead. A similar association has been found by Demer (12) in cats.
Although it is common to plot averages of Bode plots such as Fig. 5 , it is far from obvious how such averages are to be interpreted, since they carry the implicit assumption that gain and phase vary independently from one animal to the next. Since the examples shown in Fig. 4 differ from the averages of Fig. 5 and since different animals could attain comparable degrees of stabilization of the eye relative to the surroundings by rather different combinations of changes in gain and phase, we graphed the data obtained at 0.25 Hz in a manner that permits evaluating the functional consequences of individual differences in gain and phase. Figure 6 is like a Nyquist diagram in that the phase is plotted as the angle to the abscissa, while gain is plotted as the radial distance from the origin. The foot of each arrow represents the gain and phase measured for an individual at the start of the experiment, while the head of the arrow represents the comparable results after 2 h of training. In this representation, perfect stabilization of the eye in stationary surroundings would be represented by a point on the right side of the abscissa at a gain of 1. After the training, perfect stabilization for the increased-gain situation would be again on the right side of the abscissa but at a gain of 2; for the re- versed-phase situation, perfect stabilization would be on the left si .de of the abscissa at a gain of 1. The data shown in Fig. 6 suggest four prominent points. 1) The newly hatched animals, which start with a low gain, show greater gain changes in the increased-gain situation, whereas the older birds, starting with higher gains, show greater gain changes in the reversed-phase situation. Thus, the differences between newly hatched and older animals may be as much a result of their differences in starting gain and phase as in age. 2) With this hypothesis in mind, in the reversed-phase situation if the gains start out high (older animals), the principal effect is a decrease in gain. If the gains start out low (newly hatched animals), the principal effect is frequently an increase in phase lead. These results are consistent with the findings of experiments on adaptation to reversing prisms in several species, which explicitly show that the earliest changes are gain decreases, followed later by changes in phase (humans, Ref. 18; cats, Refs. 3 1,39; monkeys, Ref. 32). In the low-gain animals, it is apparent that either a phase advance or a gain change can cause a similar increase in the efficiency of stabilization. 3) In the newly hatched animals, which have low gain, the phase seems least stable by far in the reversed-phase situation. This association of low gain with phase instability has also been shown by Gonshor and Melvill Jones (18). We saw a particularly dramatic example in one newly hatched animal after training, in which on successive cross-correlograms, the phase shifted by nearly 1 80° and then shifted back. Inset number on left graph shows final gain of interrupted line.
4) In the increased-gain situation in most cases there was little change in phase, suggesting that the phase lead found normally is functional, since increased retinal slip does not cause it to become smaller. Plotting the data for other frequencies in the manner of Fig. 6 showed similar but weaker effects at 0.5 Hz and still weaker ones at 1 Hz. At 0.125 Hz, however, a bizarre set of results was obtained, with gain and phase changes in nearly random direction. We have no explanation for these results. Functional eficacy of plastic changes in VOR Although the above results show that the VOR gain and phase can be changed by 2 h of altered relative visual motion, they do not permit direct consideration of how functional these changes are. Since the presumed function of the plasticity is to reduce retinal slip, we calculated the average retinal slip that the animal would have experienced during the training if the VOR had been the only means of compensating for the imposed oscillation. We call this the uncompensated retinal slip. To compute it, we calculated the average velocity of the moving surroundings of the training situation relative to the animal's gaze in the dark. Since using the maximum retinal slip gave results very similar to the average retinal slip, we will not report them in detail.
Since this procedure reduced the gain and phase data at each frequency into a single parameter presumably relevant to the function of the plasticity ' , we co uld now analyze the data statistically by an analysis of variance. We used at each frequency a four-way factorial design with these factors: before versus after training, newly hatched versus 01 .der, experimental condition (increased gain versus reversed phase), and individual animals (replications). At 0.125 and 1 Hz, there were no statistically significant effects, but at 0.25 and 0.5 Hz, there was a significant effect of training (before versus after, at 0.25 Hz, F = 43.0, df = &, P < 0.00001; at 0.5 Hz, F = 36.0, df = 1/1,, P < 0.00001). Figure 7 shows these results graphically for 0.25 Hz. It is apparent that in nearly all cases the uncompensated retinal slip decreases as a result of exposure to the experimental situations (points below diagonal). Furthermore, the analysis of variance also shows a significant interaction of age and experimental condition on the amount of change produced by the training (at 0.25 Hz, F = 6.2, df = 1/17, P < 0.05; at 0.5 Hz, F = 12.6, df = &, P < 0.01). These results could be predicted from Figs. 5 and 6, since the newly hatched birds showed larger changes in the increased-gain condition, whereas the older birds showed larger changes in the reversedphase condition. Part of the explanation for this di .fference may be that because of the low gain of newly hatched birds, they experience much more uncompensated retinal slip at the start of the increased-gain experiment as compared to the reversed-phase experiment. This occurs because the two experimental conditions only present equal retinal slip velocities when the VOR gain equals 0.5 (assuming zero phase lead); below this gain the increased gain condition provides greater retinal slip. Thus, from Fig. 7 one can see that the older birds (gains near 0.5) have similar initial levels of retinal slip, whereas the newly hatched show much higher levels in the increased-gain condition. These results suggest that the extent of VOR modification may depend more on the retinal slip velocities than on the age of the animal.
Plasticity of optokinetic responses
In addition to causing changes in VOR, the altered visual motion situations also caused statistically significant increases in the gain of optokinetic responses (F = 14.6, df = y17, P < 0.0 1). There were three differences between the optokinetic and the VOR changes ( Fig. 8): 1) the newly hatched animals showed greater changes in optokinetic gain than did the older animals; 2) the two experimental conditions both produced increases in optokinetic gains,, although the increased gain situation was again more effective in the newly hatched animals; 3) the optokinetic changes seemed not specific to the training frequencies but increased at higher frequencies, particularly in the older animals.
Since both the VOR and optokinetic responses changed in the newly hatched increased-gain animals, it is perhaps not surprising that the gain of the combined responses also changed substantially. These changes, like those of the optokinetic gain, were approximately equal at all frequencies. training, 0.75 after. These changes were significant even across all frequencies, ages, and experimental conditions (F = 14.4, df = 1/1,, P < 0.01).
DISCUSSION VOR plasticity in older animals
We have shown here that increasing the relative visual motion during 2 h of imposed oscillation causes the VOR gain to increase, whereas reversing the relative visual motion causes the VOR gain to decrease and the phase lead to increase and, in some cases, to reverse. Thus, birds, as well as mammals and teleosts, possess adaptive plasticity of the VOR.
Our results differ from at least some of the other species studied in the following ways. I) The VOR changes seem to occur more rapidly in our animals, with substantial changes in gain and phase occurring in 2 h. It is, however, not possible to compare these time courses with confidence, since most studies have not used full-field visual stimuli, and this may affect the rate of change. Rabbits also show rapid change in VOR gain (23) and a recent study with cats, in which full-field visual stimulation instead of prisms, was employed, also shows rapid VOR changes (22) . 2) Our results show a moderate degree of frequency specificity to the training frequency, although the results at double the training frequency were statistically significant as well. Collewijn and Grootendorst (7) found a similar specificity for the training frequency in rabbits, although Ito et al. (23) did not. Lisberger and Miles (28) have found frequency specificity in macaque monkeys. Robinson (39) found it only slightly present in cats. 3) With reversed visual motion, the phase changes we saw were always in the leading direction. In humans (18) and monkeys (32), the changes found were in the lagging direction. In cats, Melvill Jones and Davies (3 1) also found changes in the lagging direction, but Keller and Precht (26) and Robinson (39) found increasing phase leads with prism reversal. Robinson hypothesized that these divergent results may be due to the frequency dependence of the phase change, resulting in phase leads at low frequencies and phase lags at high frequencies. Although our results showed phase leads at all frequencies, the experimentally induced change in the amount of phase lead clearly declines as a function of frequency, although this may be another reflection of the frequency specificity.
Davies and Melvill Jones ( 11) have presented a model that predicts that reversing prism adaptation would involve both phase changes in the lagging direction and greatest changes in gain and phase at high frequencies, both being related to postulated gain changes in an inhibitory cerebellar loop that normally provides the phase lead of the VOR. Interestingly, we find in chickens the opposite of both of these predicted effects. It is not clear whether this argues against their model or reflects different cerebellar mechanisms being at work in the avian VOR.
Since chickens normally use the VOR together with the vestibulocollic reflex to stabilize the eyes, it could be argued that our experimental situation of en bloc rotations does not reflect the natural way in which the vestibular signals are used. However, we see no evidence that this consideration substantially complicates the interpretation of our results, since I ) the animals clearly have, and indeed seem to require for normal development, a means of altering the VOR gain, 2) the results obtained are similar enough in general to those obtained with animals that seem less strongly dependent on the vestibulocollic reflex, and 3 ) there is reasonable symmetry between the results with increased and decreased VOR gain.
Dlflerences between newly hatched and older animals
The principal characteristics of the VOR of newly hatched animals are I) the VOR gain of the newly hatched animals is very low, usually under 0.1; 2) the VOR shows adaptive changes under the experimental conditions, as it does in older animals; 3) the greatest changes in gain are produced by the increased visual motion situation, whereas in older animals the greatest changes are shown in the reversed visual motion situation.
Since 2 h of the increased visual motion (increased VOR gain) experimental condition causes a dramatic increase in gain nearly to the level of the older animals, one might argue that the VOR is especially plastic in newly hatched animals. However, it seems more likely that the VOR of the newly hatched animals is like that of older animals except that the gain is set at a low value. This hypothesis is supported by analyzing the VOR changes in terms of the reduction in average retinal slip produced by the changes. The results of this analysis suggest that much of the apparent difference in plasticity between the newly hatched and older birds can be accounted for by the differences in VOR gain at the start of the training (Fig. 7) . Since the newly hatched birds have near-zero gains, they experience in the increased visual motion condition (training toward a gain of 2) greater retinal slip than do the older birds (starting gain of 0.55); this difference may account for the greater VOR changes shown by newly hatched birds. Conversely, in the reversed-phase condition the newly hatched birds experience the least retinal slip at the start and show much smaller changes in VOR.
In young kittens the VOR gain is very low and increases only after clear vision and optokinetic responses have been attained (15). This may well represent a situation comparable to that of the chicks: the gain starts low and increases as a result of adaptive changes that depend on visual-vestibular interactions. The maintenance of the ability to modify the VOR gain may itself require visual or visualvestibular experience. If kittens (2 1, 22) or rabbits (5) are raised in the dark, they have low VOR gains and appear to have a decreased ability to modify their VOR gain to the normal levels.
It is not clear what is the functional significance of the gain starting out low and then increasing, rather than starting at the approximately correct value. Perhaps there is an asymmetry in the VOR plasticity mechanism, at least in young animals, that facilitates rapid gain increases. More parsimoniously one could argue that there is no such asymmetry and also no need to preset the gain, since the existing adaptive mechanism does the job rapidly enough. Ultimately this question will only be resolved when the physiological mechanism of the VOR plasticity is understood.
In view of the well-documented dependence of VOR adaptive plasticity on an intact flocculus in mammals, it is important to WALLMAN, VELEZ, WEINSTEIN, AND GREEN consider what the state of development of the relevant parts of the chick cerebellum at hatching is. The vestibular system projects to the flocculus, nodulus, and paraflocculus, folia IX and X (27) . The accessory optic system (nucleus of the basal optic root) and pretectum, both of which clearly carry a retinal slip signal in birds (3, 30, 35, 44) , project as well to folium IX (2,4). Although we do not know of detailed studies of the ontogeny of these regions in particular, the work of Saetersdal (40) indicates that in just the 5 days after hatching the posterior lobe of the cerebellum adds 2 1% to the molecular layer and 11% to the internal granule layer. Unfortunately, it is not known what functional consequences this degree of cerebellar immaturity would predict.
Changes in optokinetic response
The experimental manipulations that produced VOR gain changes also caused changes in the gain of the optokinetic responses, particularly in the newly hatched animals. These optokinetic changes were always in the direction of increased gain, regardless of whether the VOR gain increased or decreased. This result contrasts with those in cats (12) and monkeys (29) , in which the steady-state gain of optokinetic nystagmus changed in parallel with the VOR gain, while the initial gain was unchanged by changes in VOR gain. In our optokinetic situation, however, the surroundings were continuously oscillated, so that there was no opportunity for the operation of the velocity-storage process responsible for the steady-state optokinetic gain. The results we observed may reflect a separate functional mechanism that increases optokinetic gain whenever excessive retinal slip is present. Similar results have been obtained with rabbits (6, 7).
The changes in optokinetic gain that we observed were negligible at low frequencies and increased with increasing frequency. This probably reflects the fact that the changes are in the optokinetic open-loop gain, but they are difficult to discern at low frequencies where the open-loop gain is much higher than the closed-loop gain, which is what is measured. At higher frequencies the closedloop gain presumably converges on the openloop gain, and thus the changes in gain are unmasked.
What error signal is used to change VOR gain?
The understanding of VOR plasticity and its physiological substrates would be substantially enhanced by knowledge of what error signal this VOR gain control system uses. Since the presumed function of altering the VOR gain is to reduce the velocity of retinal slip, the most obvious error signal would be the average retinal slip velocity. This, however, would be a rather poor error signal, since it would not indicate whether the gain needed to be raised or lowered. More plausible error signals to consider would be ones that take an opposite value when the VOR gain is excessive than when it is insufficient. Examples of such possible error signals would be obtained by measuring the retinal slip relative to the direction of either the eye movement, the eye-in-space movement (gaze), or head movement.
In 1974 Recently, Collewijn and Grootendorst (7) have presented evidence that argues that at least in pigmented rabbits, the error signal probably involves a comparison of retinal slip direction with direction of eye movement. When they put a rabbit in a situation where the surroundings moved in phase with the rabbit but with double the amplitude (analogous to wearing reversing prisms), the VOR gain decreased as expected if the motion of the surroundings is visible in only part of the visual field, but the VOR gain paradoxically increased if motion over the full visual field was seen.
These results were accounted for quite adequately by the hypothesis that the error signal results from a comparison of retinal slip and direction of eye movement. In the re-stricted vision case the direction of eye movement is dominated by the VOR and thus is opposite to the direction of motion of both the head and the surroundings.
Consequently, the retinal slip is in the opposite direction from the eye movement. This situation signals an excessive VOR gain, causing the gain to decrease. In the full-field vision case, the direction of eye movement is dominated by the optokinetic responses and thus is in the same direction as both the head and surroundings, and the retinal slip is in the same direction as the eye movement. This situation normally signals a need to increase the VOR gain, and this is just what happens. This explanation is further supported by the fact that optokinetic stimulation alone, which also causes retinal slip in the same direction as eye movement, also causes increases in VOR gain in the rabbit.
Our results with chickens are quite different from these rabbit data. We find that the same full-field reversed visual motion situation causes the expected decreased VOR gain in chickens (Figs. 4-6 ). The contrast is particularly strong in the case of the newly hatched animals in which the eye movements are nearly totally dominated by the optokinetic response, and thus the retinal slip is clearly in the direction of the eye movements.
Thus our results are quite different from those of Collewijn and Grootendorst (7) in the rabbit, but rather similar to those of Ito and colleagues (23, 24) . Nonetheless, since our stimulus situation is essentially identical to that of Collewijn and Grootendorst and differs from that of Ito and colleagues, we are inclined to interpret these results as suggesting that chickens use a different error signal from rabbits to adjust the VOR characteristics. Should it be the case that chickens, unlike rabbits, have smooth-pursuit eye movements, this would be understandable. Use of retinal slip relative to eye movement as an error signal, as in the rabbit, seems incompatible with smooth pursuit, since it would cause the VOR to be continuously modified by the retinal slip produced by action of the smooth-pursuit system, unrelated to the performance of the VOR system (34). Miles and Lisberger (34) have shown that in monkeys, which do use smooth pursuit extensively, the error signal seems to involve gaze velocity.
Finallv. these results seem to argue that the demonstrated differences in VOR plasticity between primates and rabbits cannot be attributed to the difference between foveate and nonfoveate animals, since chickens, like rabbits, do not have foveas ( 14) and yet they seem to use an error signal different from that of rabbits to modify their VOR.
If the presence of smooth pursuit imposes constraints on what error signals can be employed by a species for modification of the VOR, it would be interesting to compare the error signals employed by different species.
For example, if a species with smooth pursuit was ancestral to ones without smooth pursuit, these latter species might still reflect the constraints on the VOR plasticity mechanism imposed by smooth pursuit of the ancestral species. Thus, although the VOR may be a phylogenetically ancient behavior, the mechanisms of VOR plasticity may have evolved rather differently in groups with different oculomotor histories.
APPENDIX
Comments on use of cross-correlation method to measure VOR phase
The cross-correlation of two functions is itself a function defined as follows where d is an arbitrary delay. In our application, s(t) is the mechanical oscillation imposed on the animal and r(t) is the movement of the eye in the head that results (the VOR); hence, s(t) = AU cos (wt) and r(t) = GAw cos (wt + +), where A is the amplitude of the imposed oscillation, o is the angular frequency, t is the time, G is the VOR gain, and $ is the VOR phase lead (with respect to perfect compensation). Thus The second of the two terms in these equations represents the contamination of the desired crosscorrelation result. This term cancels itself out twice per cycle, starting at the time the correlogram is started. One-quarter-cycle after each cancellation it forms a cosine wave with an amplitude of (GA2/2)w. (l/T) and a difference in phase of (2wT,) + (r/2) from the desired cross-correlation term. The difference in phase determines the type of contamination (change in amplitude, distortion of wave, etc.), while the ratio of amplitudes of the
